The Stokes and anti-Stokes Raman spectra of a multiwalled carbon nanotube ͑MWNT͒ sample are studied here by four excitation energies and the observed Raman modes are assigned based on the double resonance Raman effect and the previous results in graphite whiskers. There exists frequency discrepancy between Stokes and anti-Stokes lines ͑FDSA͒ of many Raman modes in MWNT's and the discrepancy values are strongly dependent on the excitation energy, in which the FDSA value of the DЈ mode even changes from a positive value (9 cm Ϫ1 , 1.58 eV͒ to a negative value ͑Ϫ11 cm Ϫ1 , 2.54 eV͒. 
I. INTRODUCTION
In the Raman spectra of disordered graphite, in addition to two in-plane Raman active E 2g modes located at ϳ42 and ϳ1582 cm Ϫ1 (G band͒, there is an additional disorderinduced D band which appears at about 1350 cm Ϫ1 for green laser excitation. 1, 2 The D mode also appears in the Raman spectra of purified multiwalled carbon nanotube ͑MWNT͒ 3, 4 and single-walled carbon nanotube samples. 6, 5 In contrast to the Raman peaks in other crystals, the frequency of the wellknown D band exhibits two important spectral features. First, the D-band frequency is highly dispersive and shifts with excitation energy at a rate of 44 -53 cm Ϫ1 over a wide excitation energy ( L ) range for different sp 2 carbon materials. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Second, the Stokes ( S ) and anti-Stokes ( AS ) components of the D-band in graphite materials 7, 13, 19 have different frequencies, and the frequency difference is equal to the product of the phonon energy (ប S ) of the D mode and its laser-energy dispersion ‫ץ‬ S ‫ץ/‬ L . 7 There exists similar spectral property for the overtone of D mode, socalled 2D or GЈ mode and other dispersive modes. 7, 13 The excitation-energy dispersion of the D mode has been successfully resolved by the double resonance process. [20] [21] [22] Based on the double resonance Raman theory, Grüneis et al. recently obtained the phonon dispersion relations of twodimensional graphite by fitting the experimental frequencies of dispersive Raman modes in graphite materials. 23 The generalized double resonance process also successfully interpreted the observed two new dispersive phonon modes of the resonantly-enhanced TA and LA phonons 7 and other dispersive modes in carbon materials. 20 However, the observed frequency difference between Stokes and anti-Stokes components ͑FDSA͒ of the D mode and other dispersive modes in graphite materials is still an open question to be resolved. 7 Phonon energy dispersion relation is a fundamental physical property of a solid especially for determining the mechanical, thermal and other condensed-matter phenomena. 9, 23 Because of a slight difference of the electronic structure and phonon dispersion curves of different graphite materials resulting from the different local properties, the dispersive mode may have different values in different graphite materials. For examples, by 1.96-eV excitation, the frequencies of the D mode in graphite whisker 7 and single-walled carbon nanotubes 11 are 1333 and 1323 cm Ϫ1 , respectively. On the other hand, for a fixed sample, because of the limit of experimental conditions, it is very inconvenient to measure the frequency of the dispersive Raman modes by excitations in a wide energy range, and then to precisely determine the phonon dispersion curves of graphite.
In this paper, we study the Stokes and anti-Stokes scattering spectra of MWNT sample using four different laser excitations. The results show that the frequency of an antiStokes Raman mode excited by the excitation energy L is equal to that of the corresponding Stokes Raman modes excited by a higher excitation energy of L ϩប S , where ប S is the one-phonon energy of the Stokes mode. We interpret this result by the intravalley and intervalley double resonance process of Stokes and anti-Stokes Raman scattering based on the generalized double resonance model. Because of the peculiar properties of the anti-Stokes Raman scattering, by only a few laser excitations, we here probe the phonon dispersion relations of graphite in a wide range of phonon wave vector from the double resonance processes of Stokes and anti-Stokes Raman scatterings.
II. EXPERIMENT
MWNT samples were as-grown product prepared by the arc method at Clemson. 24 The Raman spectra of MWNT's were recorded by two micro-Raman systems ͑Dilor Super Labram and Dilor Infinity͒ with a typical resolution of 1-2 cm Ϫ1 in a back-scattering geometry at room temperature. The two systems consist of holographic notch filters for Rayleigh rejection and a microscope with 100ϫ objective lens, allowing a spatial resolution of ϳ1.0 m. The laser excitation wavelengths are 488.0 nm ͑2.54 eV͒ and 514.5 nm ͑2.41 eV͒ of an Ar ϩ laser, 632.8 nm ͑1.96 eV͒ of a He-Ne laser, and 785nm ͑1.58 eV͒ of an Al x Ga 1Ϫx As diode. Typically, a low laser power of 0.1 mW arrived at the sample was used to avoid sample heating. 25 For different laser excitations, different laser powers ͑from 2 to 10 mW͒ were used to measure the anti-Stokes Raman signal in MWNT's. All Raman lines at Stokes and anti-Stokes sides are carefully calibrated by Ne lamp under the same experiment conditions, and peak parameters are obtained by least-squares fitting Lorentzian line shapes to the measured spectra. The anti-Stokes Raman spectra have been multiplied by the correction factor
and are drawn together with the Stokes spectra with the same x-scale for convenience in comparing them with each other.
7,25

III. RESULTS AND DISCUSSIONS
A. Assignment of the observed Raman modes in MWNT's Figure 1 shows the Stokes and anti-Stokes Raman spectra of MWNTs in the first-and second-order spectral range obtained with the excitation energies of 1.58 and 1.96 eV, respectively. The first-order Stokes and anti-Stokes Raman spectra of C ϩ implanted highly oriented pyrolytic graphite ͑C ϩ implanted HOPG, CHOPG͒ excited by L ϭ1.58 eV are also plotted in Fig. 1 .
In Fig. 1͑a͒ , in addition to the well-known D, G, 2D, D ϩG, and 2DЈ modes located at 1306, 1572, 2606, 2889, and 3205 cm Ϫ1 , there are two additional high-frequency modes at 1775 and 1871 cm Ϫ1 and two additional low-frequency modes located at 181 and 280 cm Ϫ1 . Two dispersive TA and LA low-frequency phonon modes at about 250-500 cm
Ϫ1
have been observed in graphite whisker. 7 After considering their phonon energies at ⌫ are equal to zero, we can get their frequency dependences on the excitation energy as the following equations from the Raman data of the resonantly enhanced TA and LA phonon modes in graphite whisker TA ϭ118(cm Ϫ1 /eV) L , and LA ϭ189(cm Ϫ1 /eV) L . According to the above equations, the excitation energy of L ϭ1.58 eV can resonantly probe the TA and LA phonon modes at 186 and 298 cm Ϫ1 , which are close to that of two observed low-frequency modes. Therefore, according to the assignment in graphite whisker, 7 we assign the two lowfrequency modes as L 1 and L 2 modes. According to the frequency match, the two high-frequency modes at 1775 and 1781 cm Ϫ1 can be designated as L 1 ϩG and L 2 ϩG modes. However, after considering the wave vector selection rule of the second-order dispersive modes in graphite materials, 26 it is more reasonable to assign the two modes at 1775 and 1871 cm Ϫ1 as L 1 ϩDЈ and L 2 ϩDЈ modes, respectively. A band at 863 cm Ϫ1 appears in the Raman spectra of MWNT's in Fig. 1͑b͒ . We observed a mode at 861 cm Ϫ1 in CHOPG with 1.96 eV laser excitation too. 7 It is plausible to assign the 861-cm Ϫ1 mode in CHOPG as the resonantly en- , and its right inset shows the Raman spectra of C ϩ implanted HOPG where the dashed lines give the peaks used to fit the spectra. The inset to ͑b͒ shows the SR and ASR spectra of 2DϩG mode.
hanced phonon mode of the out-of-plane TO phonon branches near the ⌫ point because its frequency is 6 cm Ϫ1 smaller than that of ⌫-center A 2u mode. 20 The frequency of 863-cm Ϫ1 mode is close to that of the 861-cm Ϫ1 mode in ion-implanted HOPG, however, it must be pointed out that the frequencies of all the Raman modes of MWNT's in Fig.  1 redshift due to the laser-heating effect that makes one measure the anti-Stokes Raman signals easily. 13 When using a weaker laser power, the 863-cm Ϫ1 band blueshifts to 867 cm Ϫ1 , which is almost equal to the frequency of infraredactive A 2u mode. 1, 27 The close agreement and the sharpness ͑full width at half maximum intensity, 3.5 cm Ϫ1 ) of the 867-cm Ϫ1 feature in MWNT imply that it can be related to the vibrational mode corresponding to the out-of-plane A 2u at ⌫ point, which becomes Raman active due to a point symmetry change because of the tubular structure in nanotubes and the presence of structural defects and disorders in MWNT's. Figure 1 also shows a mode at 1076 cm Ϫ1 . Because the diameter of MWNT is so large that the size-dependent zonefolding effect is not important for the frequency of Raman modes in MWNT, the spectral characteristics of graphite whisker, HOPG and MWNT are similar to each other. 3, 7 Thus, the bands at 1076 and ϳ2453 cm Ϫ1 are designated as DЉ and DЉϩDЈ modes based on the assignment in graphite whisker. 7 For the Raman spectra in graphite whisker, 7 only a single band at 1130 cm Ϫ1 is observed by the 1.96-eV excitation at the room temperature. However, with increasing the sample temperature, the intensity of the 1130-cm Ϫ1 mode decreases and a new mode is revealed at 1079 cm Ϫ1 ͑see Fig. 
of Ref. 7͒, which is very close to the 1076-cm
Ϫ1 observed in MWNT's. According to the recent theoretical calculation on the dispersion curves of graphite based on the double resonance theory, 23 we assign the lower-energy part of the DЉ mode in graphite whisker and the 1076 cm Ϫ1 mode in MWNT's as the phonon modes near the K point to the inplane TA phonon branches, and the high-energy part of the DЉ mode in graphite whisker as the resonantly selected phonon modes near 3K/4 point to the LA phonon branches.
B. Frequency discrepancy between Stokes and anti-Stokes Raman modes in MWNT's
We now analyze the Stokes and anti-Stokes Raman spectra of MWNT. Similar to the FDSA results in graphite whisker, 7 HOPG and CHOPG, 13 the frequencies of the antiStokes D, 2D, DϩG modes are larger than those of the corresponding Stokes modes, while the Stokes and antiStokes lines of the G mode have the same frequencies as the common theoretical prediction. At the same time, the 2DЈ mode and two new observed L 1 ϩDЈ and L 2 ϩDЈ modes also show different frequencies between Stokes and antiStokes sides whose values are, respectively, 6, 29 and 49 cm Ϫ1 by 1.96-eV excitation. The nonzero FDSA value of the 2DЈ mode indicates that the DЈ mode is a little dispersive in MWNT, which results from the double resonance Raman effect in graphite materials. 20, 23 The Stokes and anti-Stokes Raman spectra of MWNTs excited by 2.54-eV excitations are also measured and shown in Fig. 2 . In contrast to the Raman spectra of HOPG, CHOPG, and graphite whisker, 7,13 the Stokes and anti-Stokes Raman spectra in MWNT's exhibit the following different features. First, some FDSA values of dispersive modes in MWNT's are much different from those in HOPG and CHOPG. For examples, for the 1.96-eV excitation, the FDSA value of the DЉϩD mode is 20 cm Ϫ1 in CHOPG, while that in MWNTs is 9 cm Ϫ1 . The FDSA value of the 2D mode is 33 cm Ϫ1 in graphite whisker, which is 3 cm Ϫ1 higher than that in MWNT's. Second, the FDSA values in MWNTs strongly depend on the excitation energy L , while the FDSA values in HOPG and CHOPG are almost insensitive to the excitation energy when the excitation is in the range between 2.54 and 1.96 eV. The Stokes and anti-Stokes Raman spectra of CHOPG excited by 1.58-eV excitation are shown in Fig. 1 . The FDSA values of the double peaks of the D mode in CHOPG are 7 cm Ϫ1 , which is equal to those excited by 1.96-, 2.41-, and 2.54-eV excitations. However, the FDSA value of the D(2D) mode in MWNT's changes from 7.7 ͑33.5͒ cm Ϫ1 to 6.3 ͑21.4͒ cm Ϫ1 when the excitation energy increases from 1.58 eV to 2.54 eV. We summarize all the data about the FDSA values in MWNT's excited with difference sources in Table I . To get the frequencies of Raman modes at room temperature, the Raman spectra of MWNT's are measured using very low laser density and the frequencies of all Raman modes by four excitations are summarized in Table I .
The experimental data have shown that the FDSA value of a dispersive mode in graphite whisker is determined by its phonon energy and its frequency dispersion on the excitation energy
If the peak frequency of a Raman mode is linear to the excitation energy, from Eq. ͑1͒, one gets that the FDSA value of the Raman mode should be independent of the excitation energy. This phenomenon has been observed in the Stokes and anti-Stokes Raman spectra of HOPG and CHOPG within the laser-energy range of 1.58 -2.55 eV. 13 The laser-energy dependent FDSA values of Raman modes in MWNT imply that the value of ‫ץ‬ s ‫ץ/‬ L in MWNT is nonlinear to the excitation energy L . Figure 3 To quantitatively interpret the observed FDSA values for the dispersive Raman modes in HOPG, graphite whisker and MWNT, we must carefully discuss the difference of the Stokes and anti-Stokes resonance Raman processes. 28 In addition to the D mode and its overtones, there also exist other dispersive modes, such as the DЈ, DЉ, L 1 , and L 2 modes and their overtones. The D and DЉ modes are explained by an intervalley double resonnance mechanism, which occurs around two inequivalent K points at neighboring corners of the first Brillouin zone of graphite, and the DЈ, L 1 , and L 2 modes are explained by an intravalley double resonance mechanism, which occurs around the K point in the twodimensional Brillouin zone of graphite. 20, 23 Because the intravalley and an intervalley double resonance processes are similiar to each other, here we only focus our attention on the intravalley double resonance processes to explain the Stokes and anti-Stokes spectra of the DЈ, L 1 , and L 2 modes and their overtones. For the double resonance process in graphite, an electron with momentum k ͓and electron energy E i (k)] is first excited by the incident laser photon in an electron-hole creation process. The electron is then scattered by emitting or absorbing a phonon with momentum q to the state with momentum k ϩq ͓and energy E(kϩq)], then scattered again, back to the state with momentum k ͓and electron energy E f (k)] to recombine with a hole. In general, there exist four possible double-resonance scattering mechanisms for the Stokes and anti-Stokes scattering processes. 20 Those four processes can be classified by either an incident or scattered resonance Raman event, and by the fact that either an elastic or inelastic event occurs first. Figure 4 shows the four possible intravalley double resonance processes of Stokes ͑solid lines͒ and anti-Stokes ͑gray lines͒ Raman scatterings, in which ͑a͒ denotes incident resonance, inelastic first, ͑b͒ scattered resonance, inelastic first, ͑c͒ incident resonance, elastic first, and ͑d͒ scattered resonance, elastic first. The difference between Stokes and anti-Stokes Raman scatterings is that the inelastic scattering of the double resonance process occurs with a phonon emission or a phonon absorption process. For the firstorder Raman modes, the above four processes are possible to contribute to the double resonance scattering of Stokes and anti-Stokes spectra.
The resonantly selected phonon vectors can be calculated from the energy-momentum conservation condition of the double resonance process. For the double resonance process of a first-order Raman mode, E(kϩq) is always one of the resonant states. For cases of the incident and scattered reso-
are, respectively, the second resonant states, in which L is the photon energy of an excitation. Because electrons have a linear energy dispersion relation near the K point of graphite, to a first-order approximation, the equienergy contours of E(k) can be treated as circles with a vector of k from the K point, 20, 23, 28 where E(k)ϭAk in which Aϭͱ3␥ 0 a/2, a is grahite lattice constant and ␥ 0 ͑ϭ2.90 eV͒ the tight-binding overlap integral parameter. The equienergy contour of a phonon energy (ប ph ) thus corresponds to a vector of ␦k (ϭប ph /A). For the Stokes case in Fig. 4͑a͒ , L is equal to the energy separation between the and * bands with a vector k 0 ͓ϭ( L /2)/A͔ from the K point, the other resonant energy of Stokes process corresponds to a circle near the K point with a radius of k 0 Ϫ␦k. The phonon vector q can be determined by the vector transition between two points along the circles with radii of k 0 and k 0 Ϫ␦k around K, in which the distribution of possible q values has a one-dimensional Van Hove singularity at qϭ␦k and qϭ2k 0 Ϫ␦k. The phonons associated with the second singularity give a significant contribution to the intravalley double resonance process of the observed Raman modes, such as the DЈ, L 1 , and L 2 modes. We can also apply the same anlysis to the other double resonance processes of the first-order Raman mode. There are other three possible singularities at qϭ2k 0 Ϫ␦k, qϭ2k 0 and qϭ2k 0 for the Stokes cases in Figs. 4͑b͒, 4͑c͒ , and 4͑d͒, respectively, which contribute to the double resonance process. There also exist four possible singularities at qϭ2k 0 ϩ␦k, qϭ2k 0 ϩ␦k, qϭ2k 0 and qϭ2k 0 that contribute to the double resonance Raman scattering of the antiStokes processes in Figs. 4͑a͒, 4͑b͒, 4͑c͒ , and 4͑d͒, respectively.
For the overtones such as the 2L 1 and 2DЈ modes, the double resonance process will involve two phonons, instead of one phonon and one defect. Thus, there only exist two possible resonant processes for an overtone of the first-order mode, which can be classified by either an incident or scattered resonance Raman event. Applying the above analysis to the Stokes and anti-Stokes overtones, only phonons with q ϭ2k 0 Ϫ␦k and qϭ2k 0 ϩ␦k contribute to the overtones of Stokes and anti-Stokes Raman peaks.
The above analysis can also be applied to the intervalley double resonance Raman process, 28 which is responsible for the frequency dispersion of the DЉ mode, the D mode and its overtone 2D mode. In short, if we assume that the frequencies related to the phonon vectors ͉2k 0 Ϫ␦k͉, ͉2k 0 ͉, and ͉2k 0 ϩ␦k͉ measured from the K point ͑intervalley resonance process͒ or ⌫ point ͑intravalley resonance process͒ are, respectively, Ϫ , 0 and ϩ , a first-order Raman mode based on the double resonance Raman mechanism should contain two peaks and its overtone only has one peak, in which the first-order Stokes peak consists of two peaks with frequencies Ϫ and 0 , its anti-Stokes component contains two peaks with frequencies 0 and ϩ , and the Stokes and antiStokes overtones have the frequencies of 2 Ϫ and 2 ϩ , respectively. Because of the broadened width ͑up to 50 cm Ϫ1 for D mode͒ of certain Raman peaks in graphite materials induced by finite-crystal-size effects and defects, two peaks that only have a frequency separation of several wavenumber almost cannot be clearly resolved from a broad first-order Raman mode. To check the two-peak behavior in the first-order Raman modes of graphite materials, we discuss the Stokes and anti-Stokes spectra of the L 1 , L 2 , and D modes of graphite whisker because Raman peaks in graphite whisker have much smaller widths than other materials.
7 Figure 5 clearly shows that the Stokes and anti-Stokes L 2 modes do not exhibit a Lorentzian line shape and the Stokes and anti-Stokes components of the L 1 and D modes reveal asymmetric profiles. We use two Lorentzian peaks at Ϫ and 0 to fit the D mode in the Stokes side, and two Lorentzian peaks at 0 and ϩ to fit the D mode in the anti-Stokes side. Moreover, we use two single Lorentzian peaks at 2 Ϫ and 2 ϩ to separately fit the 2D mode in the Stokes and anti-Stokes spectrum. In the fitting process, three Lorentzians at Ϫ , 0 and ϩ keep almost the same peak widths, but their intensities are adjustable to get a good fitting to the asymmetric profile of the D mode at Stokes and anti-Stokes sides. We also apply the similiar fitting to the Stokes and anti-Stokes spectra of the L 1 and L 2 modes. Seen from Fig. 5 , two Lorentzian peaks can give a good fit to the Stokes and anti-Stokes firstorder modes. Obviously, the Stokes and anti-Stokes L 2 peaks can be decomposed into two peaks with almost the same intensities and locate at ( Ϫ ϩ 0 )/2 and ( 0 ϩ ϩ )/2. However, the low-energy peaks of the L 1 and D modes are much stronger than their high-energy peaks. Thus, for the L 1 and D modes, their Stokes peaks appear at Ϫ and their anti-Stokes peaks at 0 , but the Stokes and anti-Stokes 2D modes still locate at 2 Ϫ and 2 ϩ , respectively. This results in that the Stokes 2D mode of graphite whisker is almost centered at two times the Stokes D-mode frequency, but the anti-Stokes 2D mode is about 2( ϩ Ϫ 0 ) higher than the two times frequency of the anti-Stokes D mode.
For the intervalley and intravalley double resonance process, Raman results in graphite whisker show that the Stokes and anti-Stokes lines of the L 2 center at the frequencies relative to the wave vectors of 2k 0 Ϫ␦k/2 and 2k 0 ϩ␦k/2 ͓ϭ2(k 0 ϩ␦k/2)Ϫ␦k/2͔, and those of the L 1 and D modes appear at the frequencies relative to the wave vectors of 2k 0 Ϫ␦k and 2k 0 ͓ϭ2(k 0 ϩ␦k/2)Ϫ␦k͔, respectively, where 2k 0 and 2(k 0 ϩ␦k/2) separately correspond to the excitation energies of L and L ϩប S . From the above expressions in two brackets, we can get an important relation between the frequencies of Stokes and anti-Stokes peaks
For a dispersive mode ͑e.g., the L 2 mode͒ that is composed by two peaks with almost the same intensity, the AS and S in Eq. ͑2͒ correspond to the average frequency value of the two peaks of the dispersive mode. Eq. ͑2͒ indicates that the frequency AS of an anti-Stokes peak excited by an excitation of L is equal to that of the corresponding Stokes peak excited by a laser excitation of L ϩប S . For an overtone, its Stokes and anti-Stokes peaks have the frequencies of 2 Ϫ and 2 ϩ , and thus we have the following expression to derive the frequency of an anti-Stokes overtone from that of the corresponding Stokes overtone:
Eq. ͑3͒ can be deduced from Eq. ͑2͒ just replacing the frequency ( ph ) of the first-order peak with that (2 ph ) of its overtone.
Beside the first-order Raman modes and their overtones, we find that Eq. ͑2͒ can also be applied to the other combination modes (L 1 ϩL 2 , L 1 ϩDЈ, L 2 ϩDЈ, DϩG, 2DϩG, etc.͒. For example, the FDSA value of the 2DϩG mode is 51 cm Ϫ1 by 1.96-eV excitation, which is very close to the Stokes frequency difference ͑57 cm Ϫ1 ) of the 2DϩG mode by two different excitations of 1.96 eV and 2.54 eV (ϭ1.96 eVϩប 2DϩG ϩ0.04 eV) where an additional energy of 0.04 eV contributes to the additional Stokes frequency difference of 6 cm Ϫ1 . If the frequency of a dispersive mode has a linear relation to the excitation energy, the FDSA value of the dispersion mode is simply related with the phonon energy and its excitation-energy dispersive behavior This equation has been confirmed by the experimental data of the Stokes and anti-Stokes Raman spectra of graphite whisker. 7 Usually, Stokes Raman spectra can only provide the information of first-order dispersive modes, because the frequency of a higher-order Raman mode is just the sum of the frequencies of its fundamental modes. Equation ͑2͒ suggests that the frequency S of a first-order or higher-order Stokes mode by excitation L ϩប S can be detected by the frequency AS of the corresponding anti-Stokes mode by excitation L . For example, the anti-Stokes frequency of the 2DЈ mode by 2.54-eV excitation is 3235 cm Ϫ1 , then we can get the Stokes frequency of the 2DЈ mode by 2.94-eV͑2.54 eVϩប 2D Ј ) excitation are 3235 cm Ϫ1 . Therefore, the antiStokes modes provide more information on the excitationenergy dispersion properties of dispersive Raman modes.
D. Phonon dispersion relation of graphite determined from double resonance Stokes and anti-Stokes Raman processes
The dispersive properties of anti-Stokes Raman modes allow us to probe the phonon dispersion relations of graphite materials by the double resonance anti-Stokes Raman process. From the frequency ( AS ) of an anti-Stokes mode excited by an excitation of L , we can obtain the frequency of the corresponding Stokes mode excited by L ϩប AS . Together with the frequencies of Stokes modes, there are several pairs of the Stokes frequency and its excitation energy. If neglecting the trigonal warping effect, 29 a Stokes first-order mode locates at the frequency relative to the wave vector of 2k 0 Ϫ␦k/2 while its overtone is contributed from the phonon with the wave vector of 2k 0 Ϫ␦k, 30 in which wave vectors 2k 0 and ␦k are determined by the excitation and phonon energies, respectively. In this way, the frequencies and wave vectors of the first-order peak and its overtone can be determined. By using a simple tight-binding electronic energy calculation with tight-binding overlap energy parameter ␥ 0 ϭ2.90 eV, 31 we can obtain the wave vector k of the electronic state that resonant with an excitation energy, and then get the phonon wave vector q of the observed phonon mode. We calculate the phonon wave vectors contributed to the anti-Stokes and Stokes components of L 1 , L 2 , D, DЈ, 2D, 2DЈ, and 2DϩG modes excited by four excitation energies, and plot them in Fig. 6 together with the recent calculated phonon dispersion relations of graphite. To get the phonon dispersion relation of two acoustic modes, we also add some data of the L 1 and L 2 modes in graphite whisker. 7 The frequency data of the dispersive D mode shown in Fig. 6 are in good agreement with the recent fitted phonon dispersion relations. 23 The peak frequencies of the DЈ, L 1 , and L 2 modes are slightly larger than that of the theoretical results, and the highest frequency of the experimentally observed LO phonons is located at 1624 cm Ϫ1 near the K/5 point. Using a polynomial fit to the experimental data of the observed dispersive modes, the frequency of the D and DЈ modes are almost cubic to the wave vector q within the detected wave vector regions, and their relations are, respectively, D (q)ϭϪ2355ϩ14283qϪ17707q 2 ϩ7052q 3 (3/4 ϽqϽ7/8) and D Ј (q)ϭ1582ϩ168qϩ1242q 2 Ϫ5316q 3 (0 ϽqϽ1/4), where q is in unit of q K . The fitting results clearly show that the nonlinear behavior of the phonon dispersion relations of graphite within the detected wavevector regions. Using the dispersive properties of the anti-Stokes modes, only by four excitations, we obtain the experimental data of the phonon dispersion relation in the Brillouin region covered by the excitation energy L from about 1.55 eV to 3.0 eV. Therefore, the anti-Stokes double Raman scattering is very useful to probe the phonon dispersion relations of graphite.
IV. CONCLUSIONS
In summary, the Stokes and anti-Stokes Raman spectra of MWNT's have been studied in this paper by four excitation energies. The observed Raman modes in MWNT's are assigned on the base of the double resonance Raman effect and previous results of graphite whiskers. Many Raman modes in MWNT's have different frequencies between their Stokes and anti-Stokes lines. The values of frequency differences between the Stokes and anti-Stokes lines of Raman modes in MWNT's are strongly dependent on the excitation energy, which is attributed to the nonlinear relations between the frequencies of Stokes and anti-Stokes Raman modes and the excitation energy. For all the dispersive Raman modes, their anti-Stokes peak frequencies excited by L are found to be equal to their corresponding Stokes peak frequencies excited by a laser excitation of L ϩប S where ប S is the phonon energy of each Raman mode. This result is interpreted by the intravalley and intervalley double resonance process of Stokes and anti-Stokes Raman scattering. Because of the peculiar properties of anti-Stokes Raman scattering, we probe the phonon dispersion relations of graphite from the double resonance process of Stokes and anti-Stokes Raman scatterings. The dispersive Raman data of the D mode are in good agreement with the theoretical results, and the peak frequencies of the L 1 , L 2 , and DЈ modes are slightly larger than that of the theoretical results.
